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The  el asto-dynamic  stress  field  surrounding  rapidly  propagating  cracks  in 
thin  polycarbonate,  double  edged  crack  tension  specimens  were  analyzed  by  dy¬ 
namic  photoelasticity  using  a  16-spark  gap  Cranz-Schardin  camera  system.  Crack 
curving  was  observed  in  two  slanted  double  edged  crack  specimens  and  in  two 
offset  parallel  double  edged  crack  specimens.  In  another  test,  the  crack  ran 
straight  between  two  symmetrically  located  twin  cracks.  Results  of  these  five 
tests  were  used  to  verify  the  dynamic  crack  curving  criterion  by  Ramuiu  et  al , 
in  which  a  reference  distance  of 

ro=l/l28/pi*[Kl /sigmaox*V (c,cl,c2)]**  2 

from  the  crack  tip  is  incorporated  into  the  maximum  circumferential  stress  or 
minimum  strain  energy  density  criteria.  The  critical  material  property  for 
crack  curving  in  this  thin  polycarbonate  sheet  was  found  to  be  about  rc=  0.5 
mm. 


*0n  leave  from  Northern  Jioa-Tong  University,  Beijing,  Peoples  Republic  of 
China. 


INTRODUCTION 


In  a  paper  in  1963,  Erdogan  and  Si h  [1]  used  the  orientation  of  maximum 
circumferential  stress  to  predict  crack  extension  of  inclined  cracks  in 
tension  specimens.  This  mixed  mode  crack  extension  criterion,  commonly 
referred  to  as  the  maximum  circumferential  stress  criterion,  was  later 
advanced  among  others  by  Williams  and  Ewing  [2]  and  Flnnie  and  Saith  [3], 
More  recently,  Streit  and  Finnie  [4]  incorporated  the  second  order  term, 
sigmaox,  in  the  crack  tip  stress  field  and  proposed  a  crack  curving 
criterion  based  on  the  directional  stability  of  a  mode  I  crack  propagation. 
This  stability  criterion  introduced  another  critical  material  parameter,  ro, 
which  is  the  radial  distance  from  the  crack  tip.  The  second  order  term  of 
sigmaox  was  also  used  by  Cotterell  and  Rice  [5]  for  predicting  the  crack 
curving  direction  of  a  slightly  curved  crack.  Historically,  Yoffe  was  the 
first  to  use  the  maximum  circumferential  stress  theory  to  explain  surface 
roughening  and  crack  branching  of  a  rapidly  propagating  crack  in  1951  [6]. 

As  a  natural  extension  of  Griffith's  energy  release  rate,  Hussain  et 
al.  [7],  Palaniswamy  and  Knauss  [8]  among  others  predicted  the  direction  r 
crack  kinking  based  on  the  maximum  energy  release  criterion.  Focusing 
directly  on  energy,  Sih  [9]  predicted  that  the  crack  would  kink  in  the 
direction  of  the  minimum  strain  energy  density  factor,  S.  In  an  early 
critique  of  1976,  Swedlow  [10]  concluded  that  the  difference  between  the 
crack  kinking  angle  predicted  by  the  maximum  c ire  inferential  stress 
criterion  and  the  minimum  strain  energy  density  criterion  "are  modest  at 
most".  Theocaris  and  Andrianopolous  [11]  recently  modified  the  S  theory  and 
designated  the  mean  value  of  "5,  a  critical  material  value  for  c -ack 
extension.  Sih  [12]  also  applied  the  minimum  S  theory  to  predict  crack 
kinking  of  a  dynamic  crack. 

Ramulu  et  al.,  in  a  recent  paper  [13],  incorporated  the  second  order 
term  of  sigmaox  in  the  dynamic  crack  tip  stress  field  and  then  derived  the 
dynamic  counterpart  of  the  crack  stability  model  based  on  the  maximum 
circumferenti al  stress  criterion  as  well  as  the  minimum  strain  e.iergy 
density  factor.  This  dynamic  crack  curving  criterion  was  used  to  evaluate 
nine  dynamic  photoelasticity  tests  involving  curved  as  well  as  straight 
propagating  cracks  in  fracturing  Homal ite-100  specimens.  The  critical 
material  property  of  rc  was  found  to  be  1.3  mm  for  the  Homal ite-100 
specimens  investigated.  More  importantly,  the  crack  curving  directions 
predicted  by  either  the  maximum  circumferential  stress  theory  or  the  minimum 
strain  energy  density  theory  were  generally  within  1  degree  of  each  other 
for  the  relatively  low  crack  velocities  observed  in  these  tests.  The  sign 
of  sigmaox  was  also  found  to  influence  significantly  the  crack  angle  of  a 
running  crack.  The  purpose  of  this  paper  is  to  provide  further  evidence  in 
support  of  the  dynamic  crack  curving  criterion  advanced  by  Ramulu  et  al . 


DYNAMIC  CRACK  C UR V I NG  CRITERIA 

Maximum  Circumferential  Stress  Criterion 

The  maximum  circumferential  stress  criterion,  as  modified  by  Ramulu  et 
al .  [13],  assumes  that  the  crack  will  extend  towards  the  maximum 
circumferential  stress  which  reached  its  critical  value  at  a  critical 
distance,  rc ,  away  from  the  rapidly  propagating  crack  tip.  rc  is  a 
charecterist ic  distance  derivable  from  the  crack  stability  criterion 


involving  the  second  order  term  of  sigmaox  in  the  dynamic  crack  tip  stress 
field.  This  characteristic  distance  is  [13]. 

ro  =  l/128/pi*[KI /sigmaox*V (c,cl,c2)]**2 

where  KI  is  the  dynamic  stress  intensity  factor. 

sigmaox  is  the  second  order  term  in  the  dynamic  stress  field 
and  is  often  referred  to  as  the  remote  stress  component. 

c,  cl  and  c2  are  the  crack  velocity,  dilatational  wave  velocity 
and  the  shear  wave  velocity,  respectively. 

V(c,cl,c2)  is  the  dynamic  correction  factor  to  the  static  crack 
instability  criterion  and  is  given  in  Reference  [13]. 

This  crack  curving  criterion  which  is  the  dynamic  extension  of  that  by 
Streit  and  Finnie  [3]  can  be  used  to  predict  the  crack  curving  of  a  crack 
propagating  under  pure  mode  I  as  well  as  mixed  mode,  i.e.  modes  I  and  II, 
conditions. 

Minimum  Strain  Energy  Density  Criterion 

The  minimum  strain  energy  density  criterion,  as  modified  by  Ramulu  et 
al .  [13],  also  incorporates  the  characteristic  distance  of  ro  and  thus  the 
second  order  term  of  signaox  in  the  strain  energy  density  factor,  S,  of  Si h 
[9].  Unlike  the  maximum  circunferential  stress  criterion,  the  minimum  S 
condition  yields  a  relation  between  the  crack  curving  angle  and  ro  in  terms 
of  the  given  sigmaox  and  modes  I  and  II  stress  intensity  factors,  KI  and 
KII.  Given  ro,  however,  the  extended  minimum  strain  enrgy  density  criterion 
with  the  sigmaox  term  can  be  used  to  predict  crack  curving  of  a  mode  I 
static  crack  or  a  crock  propagating  at  a  low  crack  velocity. 

Homalite-100  Fracture  Specimens 

The  validity  of  the  above  two  dynamic  crack  curving  criteria  were 
assessed  through  re-evaluated  dynamic  photoelasticity  results  of 
Homal ite-100  fracture  specimens  [14-18].  ro  for  the  minimum  S  criterion  was 
equated  to  rc  which  was  found  to  be  about  1.3  mm  for  the  Homalite-100  data 
used  in  evaluating  the  maximum  circumferential  stress  criterion.  For  the 
relatively  low  crack  curving  angles  of  -20  to  25  degrees  observed  in  the 
nine  tests,  both  the  maximum  circumferential  stress  and  the  minimum  strain 
energy  density  criteria  predicted  the  fracture  angles  within  1  degree  for 
most  of  the  81  data  points  considered  in  this  investigation  [13]. 

POLYCARBONATE  FRACTURE  SPECIMENS 

In  order  to  further  verify  the  above  dynamic  crack  curving  criteria,  a 
series  of  dynamic  photoelastic  fracture  experiments  involving  thin 
polycarbonate  fracture  experiments  were  conducted.  Specimen  configurations 
and  the  crack  paths  in  five  double  edged  crack  tension  specimens  with  either 
offset  parallel  cracks  offset  slanted  cracks  and  symmetrically  located  twin 
cracks,  used  in  this  investigation  are  shown  in  Figure  1.  The  annealed  thin 
polycarbonate  specimens  with  blunt  starter  cracks  exhibited  brittle  fracture 
with  shear  lips  less  than  10  percent  of  the  thickness  and  an  apparent  crack 
tip  yield  zone  of  less  than  1.5  mm  The  dynamic  isochromatics  surrounding 
the  propagating  crack  were  recorded  with  a  16  spark  gap  Cranz-Schardin  c<un«.r^ 
S^/5n . 


The  isochromatic  data  were  reduced  by  least  square  fitting  to  the  record¬ 
ed  dynamic  isdchromatics  a  theoretical  mixed-mode,  dynamic  crack  tip  stress 
field  with  disposable  parameters  of  KI,  KII  and  sigmaox  [19].  The  characteris¬ 
tic  crack  tip  distance,  ro,  was  then  computed  by  Equation  (1).  With  ro  known, 
the  predicted  crack  curving  angle  can  be  computed  by  the  maximizing  condition 
for  the  maxmimum  circumferential  stress  criterion  or  the  minimizing  condition 
for  the  minimum  S  criterion.  Details  of  this  data  reduction  procedure  can  be 
found  in  Reference  [20]. 


RESULTS 

As  shown  in  Figure  1,  crack  always  propagated  from  the  longer  left  crack 
and  curveo  towards  the  shorter  stationary  right  crack  except  for  Specimen 
S2-81Q518  which  involved  a  symmetrically  located  twin  crack.  Also  the  eccen¬ 
tric  loading  of  Specimens  SI 5-810727  and  the  longer  initial  crack  length  of 
Specimen  S5-810530  caused  the  rapidly  propagating  upper  crack  to  intersect 
with  the  stationary  lower  crack  at  its  midcrack  length. 

Figure  2  shows  two  typical  dynamic  isochromatic  patterns  in  a  fracturing 
offset,  slanted,  double  edged  crack  tension  specimen.  The  right  edge  crack 
did  not  propagate  during  the  entire  fracture  event.  Both  frames  in  Figure  2 
show  the  expanding  shear  wave  front  which  enanated  from  the  original  crack  tip 
of  the  left  edged  crack  when  it  started  to  propagate.  Figure  3  shows  the  var¬ 
iations  in  KI,  KII,  sigmaox  and  crack  velocity  of  the  upper  crack  in  Figure  2. 
While  the  crack  velocity  and  KI  remained  essentially  constant  through  the  rel¬ 
atively  straight  propagation  of  the  upper  crack,  sigmaox  oscillated  consistent 
with  previous  observations  [13]. 

Figure  4  shows  two  typical  dynamic  isochromatic  patterns  in  a  fracturing 
offset,  parallel  double  edged  crack  specimen.  Although  the  upper  crack  had 
cut  the  specimen  in  half,  the  stationary  lower  crack  continued  to  show  a  high 
mode  II  crack  tip  stress  field  in  Frame  No.  10  of  this  figure.  A  similar  high 
mode  II  crack  tip  stress  field  was  observed  in  all  stationary  cracks  during 
the  latter  part  of  crack  propagation  history.  Figure  5  shows  the  variations 
in  KI ,  KII,  sigmaox  and  crack  velocity  of  the  upper  crack  in  Figure  4.  The 
larger  excursion  in  KI  in  this  figure  is  associated  with  the  curved  crack 
shown  in  Figure  4.  Figure  6  shows  the  KI ,  KII  and  sigmaox  of  the  lower  sta¬ 
tionary  crack  in  Figure  4.  While  KI =  3 ,  Mpa^m,  of  this  crack  was  close  to  the 
estimated  fracture  toughness  of  polycarbonate,  the  small  difference  in  the 
crack  tip  bluntness  probably  prevented  crack  propagation  of  the  lower  right 
crack.  KII  of  the  stationary  crack  varied  from  -8.5  to  0.6  MPaJm.  and  is 
about  half  of  the  KI  value.  This  high  value,  not  commonly  observed  in  previ¬ 
ous  dynamic  photoelastic  experiments,  is  due  to  the  load  redistribution  caused 
by  the  decreasing  remaining  ligament  in  the  fracturing  specimen. 

Figure  7  shows  typical  isochromatics  of  an  edge  crack  propagating  between 
two  symmetrically  located  twin  cracks.  High  mode  II  crack  tin  stress  fields 
are  noted  in  the  stationary  twin  cracks  in  Frame  No.  12  of  this  figure.  Fig¬ 
ure  8  shows  the  variations  in  KI,  KII,  sigmaox  and  crack  velocity  of  the  propa¬ 
gating  left  crack.  Oscillations  in  sigmaox  are  smaller  in  this  straight  crack 
which  is  propagating  at  approx imately  the  same  crack  velocity  of  0.2*cl  as  the 
other  cracks. 

Figure  9  shows  the  variations  in  characteristic  distance,  ro,  which  was 
computed  by  Equation  (1),  for  the  propagating  cracks  in  the  the  five  tests,  ro 
for  the  curved  portion  of  the  rapidly  propagating  crack  is  larger  than  the  ro 
of  the  straight  crack.  Also  ro,  within  the  scatter  band  indicated  in  Figurc- 
9,  always  dropped  to  a  minimum  value  at  the  onset  of  crack  curving.  The 


scatter  band  of  the  minimum  value  of  ro  yield  an  average  rc=0.5  mm.  This  val¬ 
ue  is  consistent  with  the  rc  value  estimated  by  Theocaris  [21]. 

Having  estimated  the  rc  for  this  thin  polycarbonate  fracture  specimens, 
the  crack  curving  angle  was  then  estimated  either  by  using  the  maximum  circum¬ 
ferential  stress  or  the  minimum  S  criteria.  The  results,  as  sumnarized  in 
Table  1,  show  that  the  predicted  and  experimentally  observed  crack  curving  an¬ 
gles  for  these  five  tests  were  mostly  within  1  degree  of  each  other  regardless 
of  the  crack  curving  criterion  used. 

CONCLUSIONS 

1.  Dynamic  crack  curving  angle  under  pure  mode  I  and  mixed  mode  I  and  II 
conditions  can  be  predicted  by  using  either  the  extended  maximum 
circumferential  stress  or  the  minimum  strain  energy  density  criteria. 

2.  The  critical  characteristic  crack  tip  distance  is  rc=0.5  mm  for  the  thin 
polycarbonate  fracture  specimens  considered  in  this  investigation. 
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TABLE  1 


SUMMARY  OF  EXPERIMENTAL  AND  THEORETICAL  RESULTS 


Total  Number  of  Experiments: 

Type  of  Fracture  Specimens: 

Number  of  Data  Points: 

Crack  Velocity,  c/cl: 

KI  (MPajm): 

KII  (MPaJm) : 
sigmaox/Kl : 
ro  (mm): 

Measured  Crack  Curving  Angle: 
Predicted  Crack  Curving  Angl^: 

Maximum  Circumferential  Stress: 
Minimum  S: 


5 

Double  Edged  Crack  Specimen 
114 

About  0.2 
1.5  to  3.2 
-0.5  to  0.6 
-11.1  to  2.5 
0.25  to  0.75 
-20  to  3  degrees 

-19  to  5  degrees 
-18  to  5  degrees 


FIG.  I .  POLYCARBONATE  DOUBLE  EDGED  CRACK  TENSION  SPECIMEN. 


FIG.  2  TYPICAL  DYNAMIC  PHOTOELASTIC  PATTERNS  IN  POLYCARBONATE  SLANTED 
DOUBLE  EDGED  CRACK  TENSION  SPECIMEN.  SPECIMEN  NO. SI4-8I07I7, 
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FIG.  5  .  DYNAMIC  STRESS  INTENSITY  FACTOR  CRACK  VELOCITY  AND 
UPPER  CRACK  OF  SPECIMEN  NO.  S3-8I0526. 
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FIG. 9.  CHARACTERISTIC  DISTANCE  rQ  OF  PROPAGATING  CRACK  IN 
THE  POLYCARBONATE  DOUBLE  EDGED  CRACK  TENSION 
SPECIMENS. 
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Of  Ilea  Oi.  Haval  Monarch 
•««  Turk  itu  Oftica 
715  Broadway  -  5th  Floor 
•nw  Tork,  Maw  fork  10003 

Dirac tar 

Oftica  «1  haval  Mas  at  eh 
branch  Of  flea 
10)0  tail  Graaa  Strait 
fuadana,  California  *110* 

haval  tadstCh  Laboratory  (*) 
coaa  2*2' 

Waabiopton.  D.C.  20175 

Oafaoaa  Ooeumntation  Caetar  (U) 
Ca— ton  Station 
AiniabdrU,  Virplnla  2231* 

Maw 

Uadiriaa  Caplooton  Research  Olvltloa 
haval  Ship  Kaaiarch  4 ad  Dnvalopnnnt 
Caatar 

Norfolk  haval  Shipyard 
fottaaoutn,  vuiloia  23709 
Attat  Or.  t.  Palmr,  Coda  177 


Maw  (Con*  * .) 

•aval  tanoanh  Ukaratary 
Manhintton,  O.C.  20375 
Ittn  Coda  1*00 
*4 10 
*4  30 
*440 
*300 
*3*0 
*3M 

,d  W.  Taylor  Baval  Ship  Uaaareh 
•ad  OavaiupMat  Caatar 
*Mapalln.  Mary  1  tad  21*02 
Altai  Cada  2740 
2* 

2tl 

haval  Weapons  Caatar 
China  taka.  CaU.or»l»  *3333 
Attn i  Cada  40*2 
4520 

CsaaiatlH  Off  leap 

haval  Civil  taclnaaria*  La haratary 

Cada  L31 

Tort  OaaaaaM,  California  *5041 

•aval  Krtaea  Waapoan  Caatar 
Nhlta  Oak 

Sllvar  Spring,  Marylaad  20*10 
Attat  Coda  *-10 
0-402 

l-*2 

Tachalcal  O',  rat  tor 

naval  Ocaaa  Syitwa  Caatar 

San  Oiapo,  rallfomla  *2132 

Juparviaor  of  Shipbuilding 

U.i.  Mavy 

•ax-port  Maw*.  riraial*  23*07 

■uv,‘  Cndarwotir  Sound 
It  'araoca  DWtalon 
■av»l  haaaarch  Laboratory 

r.O.  Son  *737 
Or  Undo,  Florida  1210* 


IKL  (Can't.) 

CO  inf  •(  Mid  Oparatlaaa 
tapkiMX  af  tka  Mvy 

NanhLnftou.  0>C.  20330 
Attat  0od*  OT-O** 

Itratafla  IfitM  Fro) act  Oftica 
Oapartmaat  af  Ua  Mavy 
MaahUitaa,  O.C.  2037* 

Util  «f»-20O 

■aval  Alt  »7»‘«*  Cmmmi 

Dopnrtmaat  af  Ut  >arf 

VuA^tM,  O.C.  20)41 

Attn  i  Cada  3301  (Aarnapne*  and  •twctnrna) 
*04  (Tachaipnl  Uhrary) 

)20M  (Structural) 

•aval  Ur  bnvalopnnnt  Caatar 
ttaealaatar,  raaaaylvaaia  10*7* 

Altai  AarnapAca  Nnchanlc* 

Coda  *0* 


0.1.  VavAl  Ac ad iay 

•MlnaariH  OapnrtMnt 

iMp-Hr  Maryland  21*02 


•aval  TacUltiaa  Uplnoanip  CmmtU 

200  Stovall  Straat 

Alannadria.  VirpUia  223)2 

Attn •  Cada  03  (lanaacth  and  Oaraalapnaac) 

04* 

CA) 

U1U  (Tachalcal  Uhrary) 


•aval  Sat  Syataaa  C«*nnad 
Dnpartaaat  of  tka  Mavy 
Subl^im,  O.C.  203*2 
Altai  Coda  03a 
312 

322 

323 
0$t 
32B 


(Can’t.) 

UAtarvliat  *r»aoal 
HACCS  MaaaArch  Caatar 
Uatorvllat.  Now  Torh  121** 
Altai  pi factor  •*  Maonotth 


D.S.  Amy  Notarial*  and  Macbauid 
haaaarch  caatar 

Notorious,  Naooochunoll*  02171 

Attat  o* ■  *•  >haa,  0tIH»-T 


u.s.  A  ray  Klaolla  hotoarch  aod 
Oavaiopnaat  Cantor 
tndoton#  Sciaatlfie  Information 


Caatar 

Chief.  Oocunont  factloa 
tndotona  Ar tonal .  Alabma 


33*0* 


LXwj  kaaoarch  and  Dnval op-ant 
Portative  it.  Vltnlnln  22040 


lAii 

National  Aeronautic*  and  Spaco 

Aiuinlairatloo 

Structural  Ntatareh  Otvlaion 
LaA*lay  baaooieh  Caotar 
Lantlor  Station 
h tap ton.  rif»lola  21343 


National  Aor »«outle*  aad  Spaco 
Adalalaerarioa 

A,aociAta  AdnlnJ atrator  for  Advoocad 
•aaaatch  and  Tachnolopy 
Ua*hln*(oa.  O.C.  20544 


4 U-lmi 

Wrllht-Fattaraoo  Air  Ford  4aaa 
Dayton.  Ohio  454)1 

attai  urot  (FTi 
(Fhl) 
iruti 
IFSS) 

ajhl  iMH) 


«?*;UT: 7l4;lah 

♦pu4?4-*\9 


Alt  foT^-f  iCon't.) 

Chiaf  Appllad  Naehotld  Croup 

\).S.  Ur  Fore*  loatttuia  of  Tochnolofy 

Wrl|ht-PottiT*oo  Ur  Fotca  U»» 


Chiaf,  Civil  tap looar In*  lf“ch 
4R.IC.  Maaooreh  Oivtaion 
Air  Fore#  Waapona  Laboratory 
Klrt land  Air  Forco  Uaa 
Ubuauorauo.  haw  Manlca  I'll 


Air  Forca  Of  fits  ot  Sclaotlfic  Mansard 
lollLtl  Ur  Forca  )*« 

WaoMlop ton,  O.C.  20332 
Attn:  Nachanlca  Dtviaioa 


□aparrnant  of  tha  111  Forca 
Ut  Onivaralty  Library 
Haxvall  Ur  Forco  la#* 
Hootawary,  Uabana  14112 


Othar  uovarononL  i£ik£iliSI 


CoMAndant  .  , 

CM.l,  T..<ln,  ««4  W.HI-1' 

U.S>  Coaat  Guard 
1)00  I  Straat.  ** • 

Waahlapton,  D.C.  20224 


Tachnlcal  Dlrocior 
Karina  Cory#  navalopnont 
and  education  Gi^aand 
guaot t co .  Vlrflola  221)4 

Director  Dofaoaa  laaaarch 
and  tnfVnaarLot 
Taehatcal  Library 
to**  )Cl  28 
Tha  Paorapoo 
Uaahiapi oo.  D.L.  20J01 


Othar  ttoYtiyaat  ActlvlUai  (Can't)  TAlT 
Dt.  M.  Cana 

latlanal  Iciaaea  Foundation 
tnviroaMantal  haaaarch  Oivtaion 
Wa ablation,  O.C.  20330 

Library  of  Coa^raaa 

Seianca  and  Tachnolocy  Oivtaion 

da  ah  lap ton,  D.C.  20340 

Diraator 

Dafaaao  Mnclanr  »**«y 
Maahiafton,  D.C.  2030) 

Attai  SMS 

MT.  Jaroan  FarPh 
Staff  Spiel «1 IP t  far  NatntiAla 
and  Structural 
00SMAI.  Tha  pantapon 
Moan  3D10I* 

Waahlopton,  D.C.  20301 

Chiaf.  Alrfraa*  and  KpulpMat  Mraneh 
r*-i2o 

Of  flea  of  Fllpbt  Stabdarda 
Fadaral  Aviation  Apancy 
Waahlap too,  D.C-  20333 

K«tla»al  Ac ad any  of  Sclancaa 
Rational  In anarch  Council 
Ship  Mull  haaaarch  CaMittaa 

2101  cocatltutlon  Avonua 
•aahlapton,  b.C.  1041* 

Attai  Mr.  A.  S.  Lytla 

Nailooal  seianca  Foundation 
Eo|l aaariop  Machanlc#  lactloa 
Dtviaioa  of  tnplnaarlnp 
Mpphiaiton.  D.C>  20330 

Tlcatioay  Atsaeal 

Tlaattco  Tachalcal  BvaluAttan  Caatar 
Attai  Technical  Infonutloa  Sactlon 
Dovar,  H«v  Joroay  07*01 

Karltlno  Adninlatratloa 
offlea  of  HarltlM  Tachnolopf 
\4th  and  Constitution  Avanua,  Mt> 
KMhloptoo.  D.C.  202)0 


law  (Can’t.) 

fr  n-inlTT  and  Dirac  tor 
David  W.  Taylor  lava l  Ship 

haaaarch  and  Dwaiopnant  Cnnrar 
Uthnada,  KatyUM  200*4 
Altai  Cuda  0*2 
17 
172 
17) 

174 

1100 

1*4* 

012.2 

1*00 

i*0l 

1**3 

1*40 

29*2 

Naval  Qvdatvatat  SyatM  Cantor 
Navport,  hhoda  Island  021*0 
Attn i  Dr.  M«  Trolnor 

Naval  Sutfaea  Mnapann  Caatar 
Dahl  arm  Laboratory 
Dahl proa,  *lr*lnia  22*4* 

Attn:  Coda  004 
CIO 

Tochnlcal  Dir at tar 
Nam  Island  MVnJ  Shipyard 
Tallajo,  Cailforpl*  **3*2 

O.S.  Naval  Toatpraduata  School 

Library 

Coda  05*4 

Mom  any,  California  *3**^ 

Wabb  tnptituto  of  MavAl  Archltaetura 
Attai  Librarian 
Crnncsnt  Mnach  hu*d ,  Clan  Cova 
Lo<4  Island,  *aw  tork  11342 

Amr 

CawdklJBf  OlflcPt  (2) 

O. S.  Any  Monarch  Off lc* 

P. O.  boa  V22U 

haaaarch  Ttl*n*lo  Fafk,  NC  2770* 
Attn:  Mr-  J*  J.  Murray,  CMD-AA-1P 
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2  -  Cootttetors  «od  Othar  Tachalcal 
Collaborators 

asmuum 

or.  J-  Tina lay  Odan 
Onivaralty  of  ta»na  at  Auhtin 
3*3  iapinParla*  Seianca  Suildli* 
Austin.  Tnaaa  7*712 

Trofataor  Juilua  MUlivui 
California  laatituta  «.(  Tacbnalapy 
Division  of  iapinaarlap 
and  Appllad  Sclancaa 
Taaad*na.  California  *110* 

Dr.  Bafold  Lloboviti.  DoM 
School  of  Kn*laaartn*  and 
Appllad  Seianca 
Gaorpi  uaohiaptoo  ’Jalviralty 
tfaoblaptoa.  D.C.  200)2 

prof iiwor  Mil  Stimbavp 
California  laatltutn  af  Taahnaloty 
Division  of  UpiaaarlH  *nd 
Appllad  Sclancaa 
Taaadana.  California  *110* 

profaaaor  Paul  M.  Ma*hdl 
Unlvstslty  of  California 
DapartMat  of  Machuieal  Inplaaorla* 
harks lay.  California  *4720 

profaaaor  A.  J.  Dural It 
Oakland  Unlvaraity 
School  of  Batlaaarln* 

Sacha* car,  ttaaourl  *10*3 

fret sate r  f.  L.  DlMa**lo 

Col  tab  la  Unlvaraity 

Dapartnant  of  Civil  tnfinanrli* 

L*«  Tork,  Haw  Tork  10027 

Profaaaor  Roman  Jonaa 

Tha  Unlvaraity  of  Livatpanl 

Da parts aat  of  Kachaaical  hnplnaariat 

P.  0.  Den  1*7 

hraValoV  Mill 

Llvsrpool  Lb*  )U 

top land 

Protaasor  £.  J.  Skudnyk 
finoavt vanii  Statn  Unlvaraity 
Appllad  laaaarch  Uboratary 
Du  par to an i  of  physic* 
stata  Coliapa,  rntmaylvaala  14*01 


m 


— ^ 


mivintii* 

74*474-419 


A74iNPl714il*b 

79*474-419 


fmiTfltl—  <Cu*'t.) 


IganiUi  (Cm’O 


miYuiimi  (Co*'  t) 


fniMHI  J.  IlMMI 
palytathale  IiiiltHti  •(  M  Y«rt 
tafartoMt  «t  teabaalral  aak 
toMHU  laflaaartat 

33)  Jay  Straat 
feroaklfi,  Mr  York  11201 

riatnaar  l>  4.  f:hap#ry 
tun  44H  Oalvaralty 
BIMH-H  it  Civil  taiianrui 
Callage  Stall**.  Thu  7714) 

TratMior  U*lt«r  D.  PUbay 
Oiivantty  of  tlifiili 
lanarth  Laboratories  tor  the 
k|lM«rli|  SctoocM  ami 
A? *11*4  J-ilOOCOO 
Charlottesville,  Vlr|lmi*  22901 

frotiiMt  t.  D.  tflllMrt 
Clertaoa  Coll***  of  technology 
Dop*rt*oat  of  technical  kginirla| 
Potaia,  Nov  York  13474 

Or.  «oltar  «.  loUUr 
te*e*  UK  Ooivartlty 
Aeroepaea  Ee*l**oriii  Depettaaat 

Collage  Stiiin,  Tom  77143 

Dr.  teasels  A.  Koaol 
Ooivartlty  of  Ariseoa 
Dapartaaot  of  Aerospace  oak 
techaolcal  teg  inter lag 

TUceon,  AT  l loot  8)721 

Dt •  J.  i •  Pawvaa 
Carnaglv-rta  lion  Uolvaraity 
Dopartsurnt  of  Civil  RagiMerlog 
Sc  haul  ay  Park 

Pittsburgh,  Pennsylvania  13213 

Dr.  tonal  J  Huston 
Department  ot  Cngtoaarfug  Analysis 
DnlvaraC. >  of  Cincinnati 
Cincinnati,  Ohio  4)221 


Ptafant  <7.  C.  H.  Uk 
Ukigk  toivaraity 
iMtltau  of  Pratwa  mi 
1*114  IlKhnlu 
ha  this—,  ra—ajlr—  1  *  IMIS 

Pnfaar  Alton  8.  tonpnkl 
Uolvoralty  at  NahUglM 
DeparToot  of  teahoeleoi  hgiMHti| 
loot t la,  Ha *4 lag too  9*10) 

prafaaoar  Daoiol  PrakorWk 
Virginia  Palyt  octal  ■  taotitoto  mi 
Ikata  University 

D*yar— at  at  faglanrUg  Mechanics 
Uatkiiwi,  nrtlaia  24041 

Profaa*or  4.  C.  Erlagoa 
PilatAtn  Oalvoraity 
DaperToat  at  Aareapnca  ao4 
tec basic a 1  Icloocoa 
Prlnatoa,  Mr  Jorooy  04340 

Ptifanar  1.  1.  Lao 

it oof ark  Oalvoraity 

Dlvlalo*  at  Hjl—artM  Maakalaa 

tteoiard.  Calif opal*  94303 

Prafanor  Alkort  I.  U*| 

Ha y*o  Itata  Oalvoraity 
Slsnocbanlca  taaoarck  Cootor 

Datralt,  Michigan  44202 

Dr.  V.  ft.  BoOgaoa 
Uayno  Itata  Oalvoraity 
8c bool  of  teklela* 

Datralt.  Michigan  41202 

Data  4.  A.  ftelay 

Oortbveer  ero  Oalvaralty 
0 oyarmoat  of  C.«vtl  ftaglooorlog 
Kvaaacoa.  tlllaola  40201 


ProCaooor  P,  0.  W|*.  3»« 
Oalvoraity  of  M«mu 
inn— l  of  Aorooyaoo  HI 


.rl*« 


•11*.  Ml— aato  334)3 


or  ■.  V.  U* 

«  Oalvaralty 

Mat  of  Cfconlcal  Ra*i — ring 


—  NatolWrgy 
lytacaaa,  Bo*  tart  13210 


Or.  ft.  C.  Drwebor 
Oalvaralty  ot  UUaola 

0—  of  aao&aoorlao 

0«b—*  Ullaola  41101 

ytafaaoor  i.  i.  Mnort 
Oalvoraity  at  UUaola 

Boyor—ot  of  Civil  tegl— ring 
Orb—,  UUaola  4U03 

Frafaaaor  I.  lalaaaar 
Oalvoraity  ot  Callforola,  tea  Dl««o 
Oayar— at  of  Aypilok  Hocboalca 
U  Jolla,  Callfarmla  92037 


Profoaaor  9.  indoor 
Tochnl*”  440  foundation 
lalfa,  laraal 

Profoaaor  termor  GoU—tb 
Oalvaralty  of  Cal  if  ante 
Dopartaent  of  techonlcal  Uglaaorln* 
Bart* lot.  Callforola  94720 

Profeeoor  ft.  1.  ftlvlia 
Lablftb  Oalvaralty 
Cantor  for  tho  Application 
of  Ibtknatlci 

ftothltem,  Poaaaylvoai*  11013 


Profoaaor  WllUaa  4.  teak 
Oalvoraity  of  — aboaott* 

Bqii - of  Mac— lao  — 

karoo pat*  taglao* rli| 
M*nt,  teeoaohrootta  01001 


Prafaaoar  0.  Bor— a* 

Stanford  Oalvorolty 

Pop  u TUI  of  Ayyllok  —baalea 

itarfork,  Callforola  94)0) 

Prafaaoar  J.  D.  Aehoabaoh 
terttenot  Oalvaralty 
Bayar— at  af  Civil  teglooorlng 
Ivans too,  UUaola  40201 


Prataaaor  ft.  »•  Dong 
Oalvaralty  of  Callfarala 


Dayortaaot  ot  Machaalca 
Imo  4*4*1**,  Callfarala  90024 


Profaaaor  Burt  Pool 
Oalvaralty  at  PaaaaylvaaU 
T— •  Ichaol  af  Civil  o*k 
Nacbaaleal  Engineer  lay, 
Philadelphia,  Pn***ylv**la  19104 


Prataaaor  P.  4,  Co*4*r«Ul 
State  Oalvaralty  of  tea  tart  at 
(off*.* a 

Dlvlaloa  of  lataHtaciyllaary  Studio* 
Karr  Parker  laglaoarlkg  Wilding 
CknUtfy  ftoak 
Buffalo,  Mow  fork  14214 

Profoaaor  Joseph  l.  »#m 
Dr  4**1  Oalvoraity 

Dayortaaot  at  tec  bool  cal  lagiMulag 
mi  tecbaalck 

Philadelphia,  Paaaaylvaala  19104 

Prataaaor  ft.  K.  Donalkoo* 

Oalvaralty  of  Ha ry lank 
Aeroapac*  ftoginoerlsg  Department 
Collaga  Park,  terylaak  20742 

Profaaaor  Joaayh  4.  Clark 
Catholic  Oalvaralty  of  Aaarlca 
Oayartaaat  ot  techaaical  ftngioeering 
teabiafttoo,  D.C.  20044 


'  ilYllUllu  (Coa't) 

Dr,  Saauol  I.  tetkorf 
Oalvaralty  of  Callforala 
School  of  lagloaorlag 
aak  Aypllak  Sciaoco 
La*  Aaftal aa,  Callfarala  90024 

Profaaaor  laaac  Prlok 
Beatoa  Oalvaralty 
Dapartaaet  of  Mathematics 
Baatoa,  teaaachuoetta  02213 

pTOfaoaor  ft.  Etamyl 
ftaaaaalaar  Polytechnic  Institute 
D&vtalo*  of  Raglans ring 
Engineering  techaalca 

Troy,  tea  fork  12111 

Dr ■  Jack  I.  Vtaaoo 
Oalvaralty  of  Dalawara 
Da par  too nt  of  Nochan leal  aak  Aaroepaca 
tog  1  near  lag  aak  tho  Caator  ter 
Composite  Notarial* 
tevark,  Dalavara  19711 

Dr.  J.  Duffy 
Brown  Oalvaralty 
Dlvlaloa  of  ItgUMfli* 

Provikonco,  Ihoko  lilaok  02912 

Dr.  J.  1.  Sued  low 
Carn*«l*-tel  Ion  Uolvoralty 
Doyartaaot  of  Naehaalcal  Engineering 
Plttakurgh,  Penney  Went*  13213 
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PnlvarpUlM  (Coa't) 

Dr.  Jockaoa  C.  S.  Teag 
Uolvoralty  of  Narylaak 
Doyartaaot  of  Hockaalcal  Ugloaoriat 
Collaga  Part,  terylaak  20742 

Profaaaor  T.  T.  Chaos 
Uolvoroliy  of  Akron 

Doyartaaot  of  Civil  toftlooorlat 

Akron ,  Ohio  4*323 

Profoaaor  Chariot  W.  tart 

Uolvoralty  of  Oklahoma 

School  of  Aoroapaco,  Hockaalcal, 

•ok  Nuclear  Engineering 
No  roan,  Oklahooa  7)019 

Profaaaor  Satva  V.  Atlurl 
Coortia  laatltuta  of  Tachoaloty 
School  of  toglo*arlag  aak 
Hachaolca 

Atlanta,  Gnorgla  30332 

Ptofaaaor  Grehaa  f.  Caray 
Unlvoralty  of  Taaaa  at  Auatla 
Dayartsaat  of  Aarooyaea  lagiaoorlag 
ank  Kaglnaarlng  Hachaolca 
Austin,  Taaaa  71712 

Dt.  S.  S.  Hang 
Uolvaraily  of  llllnot* 

Doyartoaat  of  Thaorattcal  aak 
Aypllak  techanlca 
Urban* .  tllloola  61801 


lokuatry  aak  Research  Institutes  l  Con  *  t ) 

Dr.  H.  C.  Juagar 
Cartridge  Acoustical  Aaaociataa 
34  Kinkga  Avanua  Intention 
Caakrikga ,  Haaaachuaotta  021*0 

Dr.  f.  Gakiao 

Co natal  Dynaaiea  Corporation 
■lactric  loat  Diviaion 
Croton,  Connecticut  043*0 

Dr.  J.  t.  Craanayon 
J.  C.  Engineering  teaaarch  Associate* 
3431  Hanlo  Drtva 
Baltimore,  Maryland  21213 

Haw port  Houa  Shipbuilding  ank 
Dry  teck  Company 
Library 

Newport  Maws,  Virginia  23407 

Dr.  W.  P.  Sot  ich 

HcDonna 1 1  Douglaa  Corporation 

3301  tolaa  Avonua 

Huntington  Beach,  California  92447 

Dr.  8.  N.  Abramson 
Southeast  ftaaaarch  Inatltuta 
•300  Culabr*  Road 
San  Antonio,  Taaaa  7128* 

Dr.  t.  C.  Da Hart 

Southwest  fU-eesrch  Institute 

8300  Culebra  Read 

San  Antonio,  Taaaa  78284 


*7*:HP: 716: lab 
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Industry  er.*  Research  Institutes  (Can't) 

Or.  Robert  E.  Duiihaa 
Pacifica  Technology 
P.0.  Boa  1*4 

Dal  Her,  California  9201* 

Dr.  N.  P.  tennioan 
Battalia  Coluabui  Laboratories 
303  Ring  Avanua 
Coluabui,  Ohio  *3201 

Or.  A.  A.  Wochrtin 

Dead j lean  Aaaociataa.  Inc. 

Spring  lake  Research  teak 
13110  Prakanck  Read 
Wood kino,  Maryland  21797 

Dr-  James  W.  Jonot 
Swanson  Service  Corporation 
P.0.  Boa  3*1) 

Huntington  Roach,  California  92444 

Dr.  Rokort  ft.  Niekoll 
Applied  Science  ank  Technology 
33*4  Notwn  Torray  Plnei  Court 
Cuita  220 

La  Jolla,  California  92037 

Dr.  Ravin  Thoeis 
Wostinghouee  Electric  Corp. 

Advanced  Reactors  Division 
f.  0.  Son  138 

Madiaon,  Pennsylvania  1)66) 


Dr.  f.  ft.  Varadan 
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